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EXECUTIVE SUMMARY

As a result of tha obvious increases in industrial productivity attributable

to robotic technology, the Dcpar:nent of Defense (DOD) has recently encouraged

the individual services tb initiate programs exploiting the potential military

applicability of robotics. In responge to this interest, the Naval Air Systems

Coumand

(NAVAIR) Assistant Commander for Research and Tbchnology (AIR-03) con-

tracted vith Science Applications Incorporated (SAI) and Meridian Corporatiown

(MC) to

conduct an assessment of the potentiil applications of robotics to ’

naval aviation operations and support. Specifically, the contract tasks were

to:

issess the state-of-the-art of current industrial robotic systems and
technologies

' assess the potential application of these systems to naval aviction

operations and support

assess the requirement for a dedicated robotic technology base development
within AIR-03

aevelop conceptual robotic applications {if feasible) to naval aviation
operations and support

It ﬁas assuned that in general, robotics could enhance overall operational

effectiv?neés by increasing safety, reducing response time and, of course,

iucreasing manpower effectiveness and/or reducing manning levels,

"~ “After a comprehensive review of industrial robotics, a comparison of Navy

and 1nduscry unigque requirements and a definitive assessment of potential naval

aviation applications, it was concluded that;

1.

(2}

G)

Few, 1f any present industrial robotic systems are directly applicable

to naval aviation needs, particularly in the at-sea environment)

Significant adverse reaction to and gisunderstanding of, the term
ta%s

. "robot” exist within the fleet and “blue collar™ civil servicgj

Eveluation of robotic applications results in the recognition of a _

basic robotic concept - the elimination and/or enhancement of the'“human
transfer function™ or presence in applications that are manpower-intensive,
dangerous or inhospitable to the human presence, or otherwise basically -—

oy
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8.

It is recommended that, in light of these coanclusions, NAVAIR implement an

Advanced Support Technologias/Robotics (ASTR) Program within AIR-03.

»inefficient due to human linitntionej

There is high potential for the robotic concept (above) to improve naval
aviation manpower application and efficiency as well as overall cperational

effectiveness |

The robotic concept has been and is being well applied within the NARF's
as a result of both internsl and NAVAIR initiatives;

Combat/operational “robotic™ /effortl and concepts are numerous but not

-

open for inclusion in a generaulized “robotics ptograﬁ*‘)

" Due to definitive differences in'“Tobotic "systems as applied to naval
aviation operations and support and classical industrial robots, a
need exists for the development and maintenance of a robotic (as
advanced support technologies)- technology base™ for the ultimate design
of Navy-applicable systems for the elimination and/or enhancement of
the human transfer function.

The initial robotics studies indicate that a technology base development
program should logically be established in NAVAIR (AIR-03), and that this
program should encompass both procedures for systematically developing

a long-term ASTR technology base as well as systematic response to
short-term fleet needs by exploiting state—-of-the~art and emergent
technologies via concept/technology demonstrator process.
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Chapter 1

Introduction

Over the past several years, robots! and robotic technology have been given
considerable public exposure, initially related to Japanese ”éuperiority" in
the autc industry, and more recently as fashionable high-technology. As a result
of this exposure, robotic technology has come to be associated wi;h dramatic
increases in efficiehcy and productivity, causing senior managemént ia both
industry and government to initiate implementatioﬁ programs.

The Department of Defense (DoD) has begun to explore the transferability
of this technology to operational service applications as well as the more readily
adapted in~house support and industrial uses.

Several state-of-the-art industrial robotic systemé have been assessed for

=z

\\\\\ - ‘ direct transfer to the military environment. These initial efforts have focused

7
Z

primarily on the in-house industrial applications, with some attention to logistics

support of combat operations, such as cargo handling and warehousing.

.
e
ol

t

In initiating the subject effort of this report. Naval Air Systems Command's

(NAVAIR) Assistant Commander for Research and Technology (AIP-03) recognized

T

two key elements which must influence his perspective of military (naval) robotics

applications, namely:

e naval aviation operations and their support elements are highly flexible
and mobile, and

e naval operations and operational support are conducted in a non—permissive
environment even in peace-tiue.

R R

lThe Robotics Institute of America (RIA) defines a robot as being a "reprogrammable
multifunctional manipulator designed to move materials, parts, tools or snecialized
devices through variable programmed motions for the performance of a variety of

tasks.”

53
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In full recognition of the uniqueness of the naval aviation migsion and
environment, the relative applicability and transferability of current end

future robotic technology was investisated by:

un-engicg the state-of-the-art of current robotic systems and technolo-
;ies to provide AIR-03 with becth a broad cverview and detailed data
from which to develop a working familiarity with this “new”™ discipline;

e asses3sing the potential fur robotic applications to naval sviation
operations and support, based on the ipsights gained from the previous

technology assessment;

gssensing the requirzment for a dedicatei robotic technology base

% R
:E’ . .

i 3 development within AIR-03, based on tl.e results of the technology and

3 '533' applications assessments; and

& ng o developing conceptual robotic applications to naval aviation operations
S - and support.

f Egg The underlying assumption in this effort was that the systematic applicatio

of robotic technologies to naval aviation operationt and support could ultimatel

e 1increase total combat system effectiveness by selectively eliminating
the “human transfer function™ with its inherent time delay and error

prone sensors;

increase combat erfectiveness by reducing operational support activities
constrained by physical limitations;

e 1increase at-sea tombat effectiveness by developing offensive and defen-
sive capabilities currently unexplored due to physical incompatabiiity
with human functions and physical limitations;

¢ increase cosv-effectiveness by ultimately eliminating significant number
of personnel aad the associated high “acquisition cost™ and "life cycle

(support) cost”;

- Wl

My
:::...;'3
®

' ":"n"‘ w‘:’ - r «
3 Ay ﬁcgg ) EEEI)

decrease "turn arcund” time for weapons systems in repair/remanufacture;
and

o 1increase safety by eliminating human presence in Lnhospitable environ-
ments and reducing “human error™ as a causal factor in mishaps.

- Naval aviatioun 18 particularly sensitive to human inadequacies due to the
technical complexity of its hardware and operations, the hazards inherent in its
environment, the "encapsulated” nature ~f at-sea maintenance and support, and
tlie potentially cgtastrophic results o human error in this eavironment. There

should be high potential pay-off for any system that can minimize these adverse

o
P

influences.,
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Chapter 11

Industrial Robotics

A. Backg:ound _

The assessment of the state-of-the-art in robotic techrology required in
the reviewing‘of an extensive body of available information, fa.r too voluminous
to be discussed in detail in this report. As {s the casc with .1 "fashionable
technologies” large amounts of highly generalized, subjective, smbivalent.and
just plain worthless information were discarded. That information that was judged
to be of value in the formation of an in-house NAVAIR body of robotics knowledge
was retained. The resulting data package continues to be extensive, but manageable,
and has been crganized into three eleménts, included as appendices to this report,

and briefly characteriz~d below:

1. Appendix 1 - Baseliné.Data

This Data Base element is composed of five comprehensive reports, considered
to provide a definitive foundation of knowledge 2f robots, robotic technology,
industrial applica:ions, advanced automation, machine (artificial) intelligence,
s’ ~1al impacts and po:éntial integration of robotic snd automation systems. A

brief description of each of the five volumes follows: .

a. 1CAM Robotics Applications Guide

Provides a comprehensive introduction to }5b§tié§ ;;;gaéi;é? as ;éplied
primarily to the aerospace industry. The basic characteristics of robotic systems
are defined, including capabilities and mode of operation. Sansor applications,
robot tooling, work station integration and potential applications are also
addressed in some detail., This volume also contains an excellent glossary of
robotics terminology. The Robotics Applications Guyide is perhaps the single
most useful document in the Data Base associated with this report.

1I-1
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b. Industrial Robotics in tha 1980's

Provides a detailed insight into the hiétorical progression of industrial
robotics applications, as wcll as a statistical review of iadustrial robotics.
This report 1s somewvhat unique in providing profiles of the principal robot
builders and suppliers, with descriptions of their product lines. This volume

also provides a valuable appreciation for general industrial actitudes and

philosophy concerning robotics.

2. Machine Intellicence and Robotics

This report is a product of a Special NASA Study Group composed of academic
leaders in the field of rcbotics, computer Cechnoiogy and actificial intelligence,
chaired by "television personality”, author, and university professor (Cornell)

Dr. Carl Sagan. This report was found to be the most enlightening sourc.: available
for understanding the somewhat ill-defined world of machine~intelligenze and its

interaction in robotics technology and applications.

d. Social Ilmpact of Robotics

This is a summary of the ptoéeedings of a workshop on the title subject
sponsored by the Congressional Office of Technology Assessment (0TA). The report
and its appendices objectively discuss thbe projected growth and impact of robotics
on soclety in general, and U.S. and world economy in particular. The message to
be gathered from this repoft, in particular from its lengthy appendices, is that

statistically and politically heavy military involvement with robotics is inevitable

e, "Factory of the Future”

This volume is a compendium of the presentations given at the subject title
conference sponsvred by the American Institute of Aeronautics and Astronautics
(AIAA) in April and May of 1982, While this volume is by definition disjointed

and short of data, it is the most timely broad insight into the world of robotics

I11-2
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and aliled techrmologles avallable, Duve to the nature of the sponsor, the subject
astter is heavily slancsd toward the acrospace industry. This report clearly
tllustrates sevaral importanc peoints:

e tleve i3 wide dlversity of opinicn on robotic applications and
sysiems irtegratiovy;

» sigriticant problems oxdst in the efforts to integrate artificial
intuiligence cnd robotic systems in integral, multifunctional

srocesses (l.e., "factories™); and

@ there are no universally applicable robotic technologies - new
applicutions require new subsystcms, and new lnvestment,

“his velume should give NAVAIR managers considerable insight into the
status of miost cursent aervspace rovotics development efforts. Particular
attention should be pela to the conclusions and summaries of each presentation,

espaclally the "problers remalaing” sections.

2. Appzaddi 31 - Exrension Uata
This appandiv, groupued in two consécutive voiumes, is an organized collection
of arcinles and v2ports on soecific aspects of robotics and related technologies
collecred during the ter: of this contract, This segment of the Data Base is
designed te readily provide the NAVAIR user with informatién on specific charac-
teristics or aspects of rubotics without having to digest the entire Baseline
Data portion of the Data Base. It should be noted, however, that the Baseline
Data is necessary for a working understanding of the myriad details involved
with robotics, and that the Extension Data will update and expand that initial
basa. The Extension Data is‘designed to be mdintained and expandea by the
client in order to stay abreast of this rapidly expanding body of knowledge.
The Extension Data present;y includes coverage of: ‘
s general robotic applications;

o special robotic epplications;

¢ types of motion;

11-3
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® sgensory peréeption;

o power systenms;

e computational systems;

e artificial intelligence;

e ecounomics;

e productivity analyéis; and

e social impacts.

3. Appendix III - Abstracted Data

The abs racts listed in this volume will provide NAVAIR with insight into

" the extent of discussion and research ongoing in robotics techaology over the

past two decades. Special interest in various aspects of these technologies may
ba puréued by ordering the related studies. The depth and diversity of the
subject areas treated should be noted. The very recently published "Worldwide
Robétics Survey and Directory”, included in this portion of the Data Base seems
very meager in content when compared to the vast body of information either

included or vrepresented in the Data Base. This directory is, however, indicative

" of the lack of a central authority, or order, governing or monitoring the growth

of robot;cs and ailied technologies.

Since the Baseline and Extension Data packages are totally part of the desired
assessment, no attempt will be made to present any condensation of the information
in this raport. Hcwever, a simplified and geﬁeralized review of industrial
robotics will be presen;ed to facilitate the reading of, and preserve the con-

tinuity of, this report (primarily for thcse readers who prefer to address the

Data Base at their leisure).

B. Review of Indus:''ial Robotics

American ind.strial productivity increased at an annual rate of 3.4% from
1947 to 1965. From 1966 to 1976, productivity increased at an annual rate of

11-4
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2.3%., During the 1977 to 1979 time frame productivity increased at 1% per year,
and in 1980 this figure declined to an annual rate of only‘.9z. This progressive
decline in American industrial productivity has increased unir cost, lowered the
quality of goods Qnd services produced, aggravated inflation, increased overseas
competition and lower corporate profits. Faced with a deteriorating competitive
edge and shrinking share of the domestic and international market, American
industry assessed the situation, identified problem areas ar’' f{nitiated solutions.
~ An assessment of the deteriorating situatior indicated that American products
vere of poor quality (material and workmanship) and were overpriced. As a result
of the high wages and benefits paid by American industry to union labor, quality
and material standards were lowered in an effort to reduce cost. A lack of proper
motivation from Americdn workers contributed to lower product quality and workpan—
ship.standards. Material cost saving méasures as;isted in holding down unit cost,
however, coupled with the poor quality workmanship, American industrial products
still lost reéﬁected quality status and are now losing their share of the mérkets.
Industtial.economic planners, product quality control specialists and inno-
vative engineers determined that the supplementation, or gradual replacement of
labor with cost-effective quality controlled automation would again render
American ptoducts competitive on the world ﬁarket. Thué, robotic systemé came
ﬁo the forefront of American itechnology. This technology is now being t;ansferred
to practical application in industry. Labor cost can be reduce& from $14,00
per hour (for a typical blue collar worker) to $4.80 per hour (for a typical robot).
Efficiency can Le increaged from 75% (typical blue collar worker) to 98% with
robotic systems capable of working 3 shifts, 7 days a week, 52 weeks out of the
year. This type of efficiency and cost-effectiyeﬁess has led to the intrﬁduction
of hundreds of robotic units into manufacturing. It is estimated that in 1982,
5% of all assembly systems used robotic technology and th#t by 1988, 50% of all
human labor in the small component assembling field will be replaced by robotic

11-5




systems, Perhaps the moat documenied and visible industry to be effected has

been automotive manufacturing. However, other industrial concerns in aerosgpace,

shipbuilding, textiles, forging, die casting, electronics, small appliances and

-relatcd industries are all rapidly expanding the use of robotics or related

technologies in their respective manufacturing areas. Most of these in&ustries
utilize basic line assembly manufacturing techniques. For this reason current
generation robotic manufacturers have adopted particular configurations and
ggneral characteristics which are common to 90X of the present robot population.
These characteristics are gbverned by tequifgments conforming tc the basic
underlying purpose for robotics--increased productivity. Robotics technology
is supplementing or replacing the human worker/operator where the subject
process;

® requires repetitive actionlbeyodd the capabilities of humans;

e is time or labor intensive;

o enviromment is hazardous to humans;

e 1s quality/precision controlled, and/or

e requires speed of action in excess of human capabilities.

Some or all of these requirements are commonly found on any industrial assembly
line. Therefore, robotic systems have evolved into mechanical entities maintaining
characteristics which are basically stationary, manipulatory, unitary and
application-unique. The aforementioned characteristics are industrially efficient,
economical and utilize but a small portion of space on the assembly line. For
these reasons, little attempt has been made to further robotic evolution as
applied to these characteristics. Robotic evolution has now entered an area of
increasing capabilities through the use of artificial intelligence and the addition
of sensory perceptions. To gain a better understanding of this technology, the

following paragraphs will cover some of the fundamentals of robotics and robotic

sys tems,

11-6
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A robot consists of three basic components: a controller, a manipulator,
and an end effector(s).

1. Controiler. The controller functions as the brain and mervous system of
the robot and cdnsists of any programmable device from a rotary drum switch to
a full computer, The controller not only directs the robot through 1t§ programmed
moves,vbut in woie sophisticasted systems with the capability of artificial
inteliigence, iﬁ integrates the robot wifh ancillary machinery, equipment and‘
devices. Monitoring processes and making decisions based on system demand while
at the same time reporting to a supervisory control are also within its capability.
AThere are three types of programmihg; walk-through, lead-through and plug-in,
Major fac;ors utiliéed in determining the type required are; cost, operational
environment, task variance, and the utilization of single or integraée# uniis
tied to a sp;cific coatroller.

1
i

a. Walk-Through Programming. This type of programming requires the

operator to thsically manipulate the unit through the desired sequeﬁce of

events. The robotic unit records each motion and joint position. Upon program
. !

execution these motions and positions #re replicated in sequence. Eése of

programming is an obvious advantage, how:ver, operator errors and suﬁsequent

reprogramming mgyloffset this apparent advantage.

b. Lead-Through Programming. This type requires che operaﬁor to utilize

a "teaching box,” or remote programming unit, to guide the manipulator through

the desired sequence of events. Varlous motions and positioms are agaia recordea

and upon program execution, are replicated. Ease of programming by remote control
contains adv#ntagea when working with units located in hazardous environments

such as radioactive material handiing, space systems and remote undersea systems.

However, operator errors and subsequent reprogramming, again, are disadvaantages.
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¢. Plug-In Programming. This type consists of placing a prerecorded

program into the robotis unit. This method is by far the fastest and easiest
progranming method available today. It also tends to.be t§e most.expensive.

2. Manipulator. The manipulator consists of a base end one or more arms
plus a power drive (pneumatic, hydraulic or electtic). The spegific type of drive
system is determined by parameters set forth by the customer, usually based on
cost, lifting requirements, industrial operational enviromment and plant in-
frastruc;ure. The manipulator is the compoﬁeﬁf that provides movement in up to
six degress of freedom. The movement can be described by four types; cartesian,
cylindrical, polar (spherical), and anthrdpomorphic (jointed arm). The specific
required motion is determined by the opé?ating,envelope and 1lifting requirements,
‘ Depending on the

Graphic illustrations of these motions are shown in Figure 1I-1.

controller, movement can be servo or non-servo controlled.

a. Servo Controlled. Servo controlled robotic units, also known as

continuous path, are characterized by smooth precision operaﬁion. - These robotic
systems typlcally have internal sensors which monitor unit speed, velocity,
aéceleration, force ‘and torque. The measﬁréments are compared to preaetermined
operational parameters and adjustments are transmitted to the servo controller

for correction. Depending upon the servo controller, the internal sensors and

the basic unit characteristics, a servo controlled robotic system may operate at
high speed and be capable of precision work. The application of servo controlled
units to the industriél sector has been g#mewhac linited due to their great expense
and limited adaptability to changes in the m;nufacturing process. Functional »
servo controlled robotic uuits are therefore limited to operations where predictive

automation can occur.

b. Non-Servo Controlled. Non-servo controlled robotic systems, also

known as point-to-point, are the least complicated robotic units. These move
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in an open loop fashion berwegn two exaét end points on each qxis or along pre-
determined paths in ‘accordance with fixed sequences. These robotic systems can
operate over an infinite number of points enclésed by their operational envelope.
Non-servo controlled robotic units are given start and end points on each axis
which must be passed, there is little or no coatrol of end effactors Between
ﬁhese poiﬁts. Tecﬁnically, controlled trajectory is possible on a non-gervo
controlled system only if the mrlt'is given the coordinates of all points lying
betwéen'the start and end parameters. This specific type of programming will
allow the robotic system to perform motions such as straight line, circles, etc.
Inherent iimitation in the contr.l sequence charactéristics of non-servo controlled
robotic units limit applicatio : of these units to predefined special functions,

3. End Effector. An end effector {s either a device for material handling
(gripper or hand) or a tool. The gripper; a mechanical, vacuum or magnetic device,
is generally limited at present to two position operatioh, i.e., opén/closed,
6n~off. It 1s one of the most limiting factors in universal robotic utilization,
due to the lack of hand programmability. Extensive research and development is
being done to produce a gripper chat can handle a wide assortmeat of part con-
‘figurations. The variety of tools that can be adapted for robotic application
is almost unlimited. Pfesenc tools include welding heads (torch, gun, etc.),
spray part heads, drills, routers, sanders, grinders, etc. An assortment of
grippers and tools is depicted in Figure I7-2, End effectors have four motioms;

sliding, roll, pitch, and yaw. These motions are graphically illustrated in

Figure I1I-3,

C. Robotic Functiornal Categories

There are three general robotic functional categories;. pick and place,
general purpose, and closed loop. These categories refer to the level of

sophistication built into each of the rotutic systems.
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l. Pick and Place Units

The least sophisticated robotic systems are the pick and place systems,
The fu#ctions of these units are limited to picking up an object, transporting
the object to a predetermined location and placing the object in that location,
Robotic systems falling into this category are capable cf high speed and cannot
readily be reprogrammed to operate in varied sequence. Hachine'loading/unloadiﬁg,
di~ casting, and forging are typical examples of functions these systems perform.

2. General Purpose Units

These units are not specialized to any orce application. They can be equipped
with a variety of components and can be programmed to perform various tasks.
Typically, this unit is customized by the producer to specifications provided
by the customer. Applications include such functions as: industrial coating,
welding, polishing, deburring and drilling.

3. Closed Loop Units

This robotic system is the most sophisticated type. These systems ucilizg
a variety of advanced sensory inputs to adjust unit performance to specified
parameters, Again, this system is tailored by the producer to customer specification,
Closed loop systems may utilize some degree of binary logic artificial intelligence
to accomplish respecﬁive tasks. Robot technologies utilized in space exploration

are a prime example of closed loop systems.

D. Artifical Intelligence

The term "artificial intelligence” has been defined as being "the science
of making machines do things that would require intelligence if they were done
by men."2 At present no systems exist which can even remotely be compared to

human intelligence.

2Dr. Marvin Minsky, President, American Association for Artificial Intelligence
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ARG RN G SRS NI ANAR B RAN AR AU S AN AR N KA E RS S A AL MRS RIS T AN W Wy s o8

\

. \




3
T

‘),.
2% by

vl .Z.
lzt‘fti

o e

]
A

Modera artificial intelligence rests on the fcundation of binary logic.
All programming can be delineated into simple go/mo-go decisions. The ability to

comprehend abstract reasoning or draw from intuitive thoughts does not yet ex=ist

.in artificial intelligence. Some individuals argue that this form of intelligence

may never 2xist in entities drivrn bty binary logic. Nevertheless artificial
intelligence can be viewed as a logical (mathematical) sequence of event determined
by preordaiaed operational parameters.

The prospects of a computer b,ilding‘a human-like data bank are, at present,
minimal. No computer can assimilate or understand the'dyriad of information con-
tained within a single human mind. Computers do not contain any information
about themselves, Without such information they cannot “"uaderstand™ themselves
and, therefore, fail to acknowledge the existence of themselves. Without these
“self-models™ computers cannot conceive of the existence of others. Basic
questions regarding existence, functiouns, etc. cannot be considered until knowledge
of oneself is known,

Artificial intelligence, used in its present form and context, refers to
the use of data and operational parameters stored within a computer for directing
the actions of robotic systems. These data may be stored in the form of: random
access, magnetic tape, magnetic disc and/or bubble memory, etc. Thus, any
robotic unit which utilizes the data stored within a computer can be said to
operate via use of artificial intelligence.

Ia laboratories today, experiments are being conducted in the use of “"basic
script” or ;nalogical reasoning (expert systems) to augment basic data and
operational parame:¢rs stored within a computer. Research,/btesently being
conducted at Carnegie-Mellon University by Jaime G. Carbonell, sets fortbh the
basic premise the problem solving and learniag are inalienable. In other words,

when encountering a new problem situation, & person is reminded of past situations
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that bear gtrong similaricies (at diffgrent levels of abstractinn) to the present
sitvation. This type of reminding experience serves to retrive behaviors that
were appropriate in earlier situations, where upon past behavior is adapted to
za2et the demands of the current situation. ‘

Comionalities among previous and current situsations, as well as successful
applications of modified ﬁlans can serve as the tasis for generalizaticn. Similarly,
perforaing an inappropriate behavior in a new situation can lead to discriminacion
(among the ways in which situations are organized in memory and/or the mechanisﬁs
that adapted an existing plan to a new situation). However, a reactive environment,
one tnat informs the problem solver of success, faillure or partial succ-ss, is
an absolute requirement for any generalization or discrimination process to apply.
Therefore, problem solving by analogy and experimentil learning are inalfenable
conponents of a unified cognitive model. Analogical problem solving exploits
knowledge of plans indexed under situations similar to the curreant one, generating
new purposive behavior potentially relevant to future problem solving. The
learning coaoponent creates the memory structure to encode experimental knowledge
that enatles the problem solver to retrive and compare relevant oicuations froa

12€120TY »

E. Sensory Perception

A growing fleld of interest in robotics is that of sensory perception.
True artificial intelligence must utilize information selectively obtained from
extearnal sensors. Industry has invested enormous amouats of manhours aad fiscal
resources into development of practical sensor systems. Only une system has
evolved thus far which has practical application in the industrial environment--
visual. However, two more systems are preaentl} in laboratory development and
cignificant breakthroughs could lead to utilization in the near future--tactile

and audio reception/transmission,
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1. ioal Jancory Percontion

Vistral innues represent major sources of information; providing a robot
with a visuval systeam {s falrly uncqmplicated. However, in order for a robot
to cemprehend what it 18 viewing a degree of artificial intelligence is required.
Tuor most important development in vi-~ual gystems has-occurred within the last
five years with the Introduction of the imager chip, also known as the charged-
injaction device (CID), charged-covpled device (CCD), or the photodiode array.
This chip is capable of collecting light 80 times more efficiently than photo-
sraphic film. Furthermore, it can detect exceed;ngly faint traces of light and
13 capable of distinguishing subtle differences in intensity. |

The chip offers vision with geometric precision not attainable with other
optical devices. As a result of this breakthrough, precision contrvl in three
dimensional vision industrial processes afe nﬁw a reality,

The imagzer chip operates on principles first identiffied in the laﬁter part
of the 19th century. These principles state that various metals emit electrons
in varying intensity under different light wavelengths. The chip is composed
of a maultitude of picture elements (known as pixels) manufactured utilizing a
variety of different metalllc properties. These pixels absorb photons and capture
and store the electrons knocked out of their orbits by the impacting photons.

The electrons are transmitted to receivers such as television screens or magnetic
tape. The energy and number of photons received represent light intensity of

tae captured screen; tne liberated electrons r:present the light intensity
electronically.

The great precision with which the pixels are arranged on the imager chip
make possible phenomenal geometric accuracy of the new images. Inspection of

tanufactured items can now be done with precision unattainable before, down to

two millionths of an inch. This assures astounding quality control.
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Speed in visual processing is of the utmost importance in order to deal in
"real time” computer logic, an i@pottgnt asset in manufacturing. The imager
chip, along with extraordinary precision, is capable of processing more than
20 pictures per second., This indicates that inspection rates pf more than 72,000
parts per hour are now possible.

In order for robotic systems to understand what they are seeing, images must
be structured to be comprehensible in binary logic. Vision depends upon image
perception, distinctive characteristic ex;raction and image input analysis.

Image perception requires that sensors allow perception of a signal. These
sensors may be divided into two types -- active and passive. Th= active sensors

emit energy (in the form of light waves or sound waves). This energy is reflected

off the object in question and is received by the sensor. These reflections
are then analyzed and processed (as explained later). Pzssive sensors utilizo
external illumination to provide the reflective energy. These sensors then extract

and process the features in the same manner as active sensors.

Once the sensor has captured the image, distinctive characteristics or
features are extracted. This prncess involves the segmentation of an image into
different "regions.” Regions.are collections of chafacteristics whicl: have
similar properties such as color, intensity, brightness and/or ﬁexture. Points
with similar characteristics generally belong to the same objecf in an image.
The characteristics are then segmented into distinct regions. Seémentation

techniques cannot separate every object in an image fnto understandable regions.

Therefore, distinctive characteristic extraction requires a prior knowledge of

the image. The image, now segregated into general regions with similar character-

istics, 1s further defined by "boundary line edge detection.” 1Im ihis process,

variations in intensity, color and/or texture at transit boundary areas are

further defined and identified, These points are then used to identify other
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boundary line points of similar quality., This process is known as."edge character-
istic inclination function.” Theee points are then linked togethér to form

‘an outline of the object in question in a process known as "similar edge character-
istic linking.” Distinctive characteristic extraction is ﬁov complete, The

robot has obtained en outline of the object, is aware of color, texture and
intensity and must now analyze the input.

Image input analysis requires the robot to have prior knowledge of the object
in question. The general outline, color, texture and intensity of the image is
3tored in binary logic for comparison to information, specifications. and para-
meters already on filé. This comparison may take the form of a template comparison,
random dimension search or a mass/volume search. Upon ideﬁtifigation of similar
characteristics, the-image produced is compared to the image stored. In this
manner thé robot may determine whether the object in the sc;ne is positioned
corrgctly, of adequate quality, etc. It is of utmost importance that the reader
realize that the roboiie unit never truly under#tands what it is seeing; it only
conpares its image input to stored images. All present robotic visual systens
require a prior knowledge of what the image should look like. Deviation from
acceptable parameters are considered defective and the object is rejected.

2, Tactile Sensory Perception

To increase the efficiency of robotic systems utilizad in the manufacturing
field, other senses, supplementing vision, will be required. Tactile perception
will be of importance for close up assemble work where vision mav be obscured
by end effectors or other objects. Robotic systems will also require this
perception to assist with sensory feedback for use in grasping delicate nbjects
and kinesthetic feedback as it relates to improved motion cﬁdtrol.

The lack of sensors with adequate resolution and sensitivity have hampered

efforts to fully utilize tactile perception. Recent advances in the developmant
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of tactile sensors eﬁbedded in "artificial skin”, made 62 silicone rubber, promise

to further this area of interest. '
Practical tactile sensors have recently become available on the coﬁmercial

warket, They operate in a manner similat to the tactilc corpuicle array. The

artificial sensdry array has about the asame dimensions of the human finger tip.

It contains 256 pressure sensitive switches atranged 1in a 16x16 grid pattern.

As the robotic "finger” contacts an object the switchgs connect forming a pattern

' recognizable to the robotic system., This sensor has dennns;rated the ability

to digstinguish between gix objects ﬁith resolution cohptrable'to that of the"
human finger. This array is constructed by sandwichihg a porous material between

the silicone rubber and a flexible printed circuit board. ’The silicone rubber

jiis impregnated with graphite allowing it to conduct along 16 parallel lines

: oriented at 90° angles., .The two layers (silicone rubber and printed circuit

: board) are separated by a thin porous material., When compressed they make contact

. at intersection points forming a sensory array. Pressure pstterns are then

' transmitted to the robotic unit,

Upon reception of these patterns, the robotic system performs an image

| analysis search similar to the visual systcm. COmparisons are made via template,

? r#hdom dimension or weight. Identification results when similar characteristics

" are identified.

A recent development in the tactile sensory field involves the utilization
of fiber optics in robotic end effectors. The process involves neasuring the
deflection of light traversing the fiber optic cable from generation source to
terminal point. As light is deflected (by grasp) less light is absorbed at the

terminal point. By increasing the difference from generatioan point to terminal

- point, the amount of pressure exerted can bdbe measured.
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3. Other Sensory Perceptions

Along with visual and tactile sensors, scientists are working on a multitude
of other perceptions. These perceptions tend to have an predisposition toward
being closely allied with the five human genses of: sight, tactile, audio
(speech and hearing), and olfactory. While work has ptogresséd, it has not
reached the level of proficiency attained by visual and tactile, This, however,
may only be Q matter of time.

Audio speech and hearing work basically on tke same principles in reverse,
In hearing, sound is converted from waves -0 a mathematical forimula. This
formula then converts into simple binary logic. The formula ”soluﬁion” may
then be inputed into the robot for a search and comparison.. Upon locating an
appropriate.number or group{of numbers the word "meaning™ is "understood”™ and
actions may then insue. Sp;ech entails the appropriate response to inputed
words or gctions. inaty'l;gic selects the appropriate response to an input
and then converts this_to qfnathematical formula. This is transmitted to a
“voice box" where audible s;unds are produced.

Olfactory preception w;rks basically on the same principles as that of a

|

smoke detector. Minute pariiculates of matter enter into a unit where they

1

' are analyzed as to lpecificintbmic composition. This composition or atomic

structure is then :ransforuéd.in:o binary logic and appropriate responses can

then occur,

Special sensors are being developed for specific applications. Tnese
sensors are developed for ﬁse typically in hazardous environments where extremes
in pressure, illumination or hazardous materials are the norm. These sensors

are developed to protect the robotic unit or human operator from exposure to

extremes beyond operational parameters.
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F. Industrial Robotic Growth Potential

The University of Michigan recently conducted a study in concert with the
Society of Manufacturing Engineers (SME). The study, utilizing'nelphi forecasﬁing
techniques, anticiﬁa:ed robotic trends in areas such as: growth poteatial,
types of robotic units, levels of required technical sophistication, applic#tion/i
utilization classes, areas of projected worker/operator displacement, etc. A
representative sample of robotic system manufacturers (12) and robotic users
(48) returned submitted questionnaires. Based upon these responses, preliminary"
data was compiled and projections were presented on eight areas of industriai .
(manufacturer/user) interest. These areas and short subjective discussions
are presented below. |

o Annual Shipments of Robotic Units Produced in the United States

Projectiong, based upcn compilation of manufactuer/user data extracted
from the aforementioned responses, indicates that the gradual increase
in unit shipments will continue to 1984. Growth to minimum shipments
of 6000 units will be schieved by 1%85, Forecasts indicate that by
1990 shipments will surpass 10,000 units and will roughly double every

five years,

o United Stares Produced Robotic Systems as a Share of the United States
Market -

Data indicates that a favorable situation is/or has developed for United
States robotic manufacturers. Barring serious swings in the world
dollar value, domestic robotic system manufacturers are expected to
capture a minimum of 752 of the Unfted States market by 1985. By 1990 .
domestic producers are forecast to increase their share to 79%. o

e Robotic Systems Attaining the Capability for Self-Generated Propulsion |

By 1985 it is anticipated that major aerospace firms will lead all other
industries in applications utilizing units capable of self-propulsion.
Sales volumes for aerospace firms are expected to equal demand from all
other industries. Steady growth is expected in this area through the

1990's.,
e Share of the Market Captured by Robotic Units with Adaptive Controls

In 1983, 5% of the robotic population utilized in the aerospace industry
will attain advanced levels of adaptive controls. By 1985, 5X of all
industrial robotic units will utilize adaptive controls. The aerospace
and electrical/electronics industry will sttain levels projected to be
20%. Lagging three to five years behind will be the light manufacturing

and automotive iadustries.
I1-21
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® Robotic Systems Utilizing Visual Perception

Projected trends indicate that robotic systems with visual capabilities .
will capture 15% of the market in the aerospace and electrical/electronic
industries by 1985, The automotive industry is projected to utilize

only 10X during this time frame. Data indicates that visual equipped

robotic units will experience exponential growth after 1990 with 25%

of all units being so equipped. It is anticipated that leadership in

this field will be maintained by the aerospace industries with the

automotive industry following closely.

B3 O B3

e Projected "Scene Analysis” Capabilities

Robotic units, utilizing some degree of artificial intelligence for
scene analysis in complex scrambled parts handling, will account for 10X
of domestic purchases by 1985, During the 1990's this percentage 1is
expected to increase to, at minimum, 15Z.

B2 E=

e Anticipated Weight of Parts Manipulated

o

In 1980 the industrial average weight of parts manipulated was 20 pounds.
Decreases in this average are projected for the automotive and electrical/
electronics industries by 1985, The average weight will incresse for

all other industries during this time frame. Projections for the 1990
period indicate that weights will stablize at optimum levels for the
automotive, electrical/electronic, light manufacturing and aerospace
industries. Increases in projected weight of parts mzuipulated in the
heavy manufacturing and casting/foundry industries will continue,

-

S

e Projected Trends in Computer Equipped Robotic Units

o
i

Half of all robotic systems sold on the domestic market in 1985 will

be computer equipped. The aerospace industry will continue to be the
leading consumer for these robotic units followed by the automotive in-
dustry and the electrical/electronics industries. The light manufacturing
sector will catch up to the automotive industries by 1985. Four out of
five robotic systems sold to industry in the 1990's will be computer
equipped except in the casting/foundry and heavy manufacturing fields.
These industries will trail other industries until well after the 1990

time period.
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The Robotics Institute of America (RIA) commissioned a second study (recently

P

completed) t§ determine specific data on the international robotic population.
The study requested information regarding the specific number and types of

robotic units present in a country, the extent of government involvement aad

RE =

support, robotic standards, leading R&D organizations and universities, union

Uy
I attitudes and the potential for future robotic growth. Information was supplied
v ty the International Coordinators Group represeﬁting 19 countries. In addition,
s
b
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the Jagan Indﬁstrial Robotic Association (JIRA) supplied information on activities
in that country and Daiwa Securities America of New York supplied approximations
for the Soviet Union.

. Ccmpilations of the data indicate that the largest concentrations of robotic
systems are used in the welding, assembly and machine loading/unloading areas.

Tables 1I-1 and II-2 présented on the following page, indicgte the present

international robot pbpulation and projected trends in robotic poPniation growth,
It should be nbted that Japén'; definition of a robotic unit differs from that used

in the United States in that i3 includes simple pick and place units.

G. Sociological Impacts

The increasing commercial use of robotics to improve productivity has in

-some cases caused job displacement and unemployment due to a resultant shift

ia job requirements.‘ It is anticipated that the utilization éf robotics in
factories will significantly reduce the number of hazardous and demeaning work
stations while providing an overall improvement in productivity and product
quality. Additionally, job satisfaction is expected to improve and decreases
in work relaied accidents are forecast.

Contrary to the Ludd3'ph11030phy it 1s predicted, both by industry and
governhent, that resultant job displacement and unemployment due to factory
automation will be minimal. Data indicates that only 6 percent of displaced
workers can expect to be‘terminated. This figure represents a maximum of 20,000
individuals. New jobs c)gated by factory automation and resultant service
industries are expected t# nuymber from 70,000 to 100,000. It must also be

underliood that maintainidg the present status quo of minimal factory productivity
)

3Edward Ludd was a Leicestershire workman who destroyed stocking frames in 1799
and was the spiritual progenitor of the most opprobrious of antimachine movements.
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TABLE 1I-1: 'INTERNAIIQNAL ROBOT POPULATION (1980)

COUNTRY TYPE A TYPE B TYPE C TYPE D TYPE E TOTAL

- Japan — 6,899 — 7,347 53,189 67,435
USA 400 2,000 1,500 200 -~ 4,100 .

- West Germany 290 830 200 100 10,000 11,420

France 120 5G0 2,000 6,000 . 30,000 38,620

USSR L - - -— - 3,000

Switzerland 10 40 -_— - 8,000 8,050

Sweden 250 150 250 . 50 100 800

Norway 20 50 120 20 50 260

Czechoslovakia 150 50 100 30 - 200 530

Great Britain R - - -— -_— 371

Poland 60 115 15 © 50 120 360

Denmark 11 25 30 0 110 176

Finland 35 16 43 22 51 167

Belgium 22 20 4] 0 82 124

Netherlands 48 3 0 Q 30 81

Yugoslavia 2 3 5 Q 15 25

TOTAL 1,418 10,701 4,293 13,819 101,947 135,519

Type A: Programmable, servocontrolled, continuous path

Type B: Programmable, servocontrolled, point-to-polnt

Type C: Programmable, nonservo robots for general-purpose use

Type D: Programmable, nonservo robots for diecasting and molding machines :
Type E: Mechanical transfer devices (pick-and-place) (U.S.A. defined as non robotic)

* Independent approximations

TABLE 1I-2: FORECAST OF ROBOT GROWTH
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COUNTRY 1985 1990
Japan 16,000 29,000
UsSA . 7,715 31,350
SRR ' , West Germany 5,000 12,000
. Switzerland 600 ! 5,000
Sweden 2,300 \ 5,000
Norway 1,000 \ . 2,000
Great Britain 3,000 ; 21,500
Poland 200 L,ZOO-l,SOO
Demark 110 | 250 -
Finland 950 3,000
Belgium 150~200 -—
Yugoslavia 100-150 300
o
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and profitability will force factory owners to close unprofitable facilities,
potentially affecting hundreds of thousands of American workers.

The impact of robotics on long-term unempldyment is centered upon geveral
factors which will ultimately affect outcome prediction. The factors are:

‘e The gpeed of new technology implementation

e Inherent complexity of the unemployment issue

o Lack of specific and comprehensive data regarding automation net impact.

Poteatial barriers and constraints may slow the implementation of robotics.

~This reduction in the utilization of robotics will decrease the impact on employ-

ment by allowing time for retraining, job shifts, etc. Conversely, rapid

utilization wbuld result in increased unemployment in the short-term until

retraining and/or job transfers could be implemented.
The constraints or barriers may be institutional, financial, historical,
etc. They'include human and instirutional resistance to change, union activities,

capital investment consider#;ions, software/hardware costs and the lack of

qualified individuals in the robotic field.

The rate of unemployment and the number of available jobs in the United States
are highly complex issues. A multitude of factors affect both issues simultaneously.
It is, thus, difficult, if not impossible, to isolate the impact of robotics alone
on employment. .

The lack of specific and comprehensive data regarding the net impact of
factory automation reﬁders it imposéibie tovatrive'atrgﬂ;;lid ééﬁéiﬁsi&ﬁvregarding o
robotics vs. employment. Data that is available includes only estimates or pro-
Jections within a given company, plant or locality. Estimates are based upon
aggfaga:e changes in employment, disregarding adjustment for previously described
factors.

Not withstanding the aforementioned, the Office of Technology Assessment

(0TA), the Department of Labor's Bureau of Labor Statistics (BLS) and the Society
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of Manufacturing Enginesrs (SME) in cooperation with the University of Michigan
all predict a positive growth pattern relating to employment, due ﬁo 1ncreas§d
automation, in the long-term.4 Rapid technology implementation is expected to
create short-term unemployment/job displacement which is aniicipated to be off-
set by robotic service industry job creation. .

In summation, the sociological impact of emergent robotic technologies

will displace some workers in tiie short-term, but will provide increased employment
in the long-term. The degree of impact is expectad to vary subject to the rate of

technological implementation.

H. Summary '

State~of-the-art robotics are generally adapted to meet the needs ¢. industrial
concerns. These robots are limited by their lack of mobility and adaptability.

Robotic motion falls into four categories - cartesian, cylindrical, polar
and anthropomorphic. The end effectors add four nofe degrees of freedom - sliding,
roll, pitch and yaw. However, few industrial robots exist today which are self-
propelled.

Recent developments in the laboratory have greatly expanded the use of
artificial sensory perception. Visual aystems are now common place among simple
robots. The development and use of other sensors is proceeding at an astounding
pace. Tactile, audio (reception and transmission), olfactory, proximity, range,
magnetic-field and radiocactivity sensors are all being developed and will be ex~
ploited as soon as they are commercially practical, 7

Artificial intelligence still reptesenés a major problem area in that the
assimilation and codification of new information still must dbe done by a human

operator. However, recent developments in laborztories suggest that this problem

4 Industrial Robotics, A Delphi Forecast of Markets and Technologies
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area may be diminighing. Development and exploitation in the use of analogical

problem solving may augment stored operational parameters and assist in attaining

s

true artificial intelligence.

g

It has been predicted that adoption of robotic unite in the factory

P
5 .l

b

will affect employment. Honwever, all studies indicate that factory automation

will provide an overall increase in the number of jobs with an associated

e

-
[}
]

decrease in demeaning and/or hazardous work areas.
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Chapter III

Navy/Industry Unique Requirements

A. General

The basic underlying purpose of Qll present industrial robotic systems

i3 to increase efficiency and productivity by eliminating or enhancing the

human worker/operator where the subject pro:ess:

e 1is high volume;

e 1is repetitive;

e 1is time or lador intensive;

e environment is inhkospitable to'humans;

e speed required is beyond human capabilities; and/or

e precision/quality required is beyond human capabilities.

A vast difference in philosophy and terminology .exists when military pro-
ductivity and industrial productivity afe compared.  Both sectors seek to allocate
scarce resouirces efficiently and effectively, however, the initial boundary
condition and final productive outcome are vastly differeat,

1. 1Industrial Productivity

Industrial productivity seeké to efficiently allocate scarce or costly
resources (i.e., labor, production facilities, raw materials, etc.) to lower

final unit cost through increased output or deéreased waste. This is productivity

in the classic sense,

2, Military Productivity

The military seeks to produce weapons systems which are economical to support
and maintain and which cause an adversary to expend excessive amounts of his
scarce resources (i.e., manpower, fiscal, materials, etc.) as a result of the
effects of, or to defend against, these weapons systems. The cruise missile is
a classic exanmple of "military produztivity", For a relatively suall investment
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tha United Sctates will forca the Soviat Uaion to expend large amounts of resources

to provide effective air defense coverage. Thoze Soviet resources zust be

reprogracmed out of planned or prasent expenditures to the detriment of other
prograns, Thereafore, wmilitary productivity seeks to provide weapons which will:
@ be econcmical to acquire, maintain and supsort;

@ be efficient and effective; and

provide an unacceptable imbalance in an adversary's defenses causing
scarce resources Lo be reallocated to the detriment of existing or

planned pregrans.
1ha reallocation of scarce resources has its basic roots in the "guns and

ptters” 2l.ss.c economic model., This model states that a nation has a finite

set of L ¢ Cu resources. Within that set, a natfon allocates resources to civil

¢Z: am' ~.litary needs. Aa increzse in cne of the constants must be ofiset
by an <5 .wctate. izcrease in the other constant. Thus, as military needs increase

(due to an unacceptable imbalance in defense), civil resources decrease. This
decrease in civil resources (consuzer goods) may cause unrest in an adversary's
country, thus, doubling the effect of military productivity.

Major differences exist in requirements and/or characceristics unique to

the varied operational environment betwcen potential naval rooctic users and

industrial robotic users., These differences in requirements and characteristics

are largely related to the differences in the industrial and naval cperations

listed below.

INDUSTRY SAVY

Product Hanufacture - Existing Product ;

- Case Basis

High Volune

Hish Speed Remanufacture
Rapeatable Repair
Replace

~ Moving Workstation

Fixed Workstation

- Weather Sensitive
Unstable Platforn

Controlled Enviroament
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Indudtry Unioue Weauirer ntg
For the purposes of this assestment, industrial robotic users addressed

B.
ware those involved in manufacturing or assembling of a product (vice trans-
The use of basic line asscably

The manu-

portation, warchousing, services, ctc.).
techniques dictate that equipnment designed to assist in manufacturing be capabla
of handling a hizh volume/Lich upeed work enviromnent concurrently maintaining

precision/quality control with an absolute minimum of “down time.’
facturing production facility site i3 inmobile and sustains controlled operational

environments where parameters regarding atmospheric and chemical norms are constant,
Fixed workstations process resources which flow past at predicted rates on a
The alumost total control of environmental

defined path, in a defined area.

parameters and nmanufacturing norms indicate that predictive maintenance can occur
at rozulatod intervals reducing unaaticipated delays and shut-downs due to system

Constant unit supervision by human operators 1is being replaced by

sensor technology due to the generally non-hazardous nature of products assembled

! malfunction.
or finishad at production sites, Total marnufacturing of products (assisted by
computer design and moaitoriny) cuin be azcomplished without direct human exposure
to the cycle.
Navy Unique Pequir - -ntsy
robotics, goneralized to include advanced automation and

The application ot

C.
artificial intellijcnce, to naval aviation combat operations, weapons systeus
maiatenance, repair and remanufacturing centers and direct operational support

can significnntly affoct operational response capabilities,

Derot Level Maintenance (D=Lovel)

1.

Naval Alr Rework Facilities (NARF's) provide the major portion of naval
aviation depot level maintenance. The comparisons dipress when the basic

I1r-2
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stationary shore-based facilities. Tasks include the repair-remanufacture of
aircraft, aircraft weapous systems, qubsystems and/or components. Inherent in
this function is basic disassembly of the product, repair, and remanufacture,
Due to the nature of this operation, industrial assembly line techniques have
not been widely adopteéd. Tools and material are tramsported to the units under
going repair or remanufacture, This.negates 1ndustr1allrequ1rements for high
yolune/high speed stationary equipment and instills requirements for mobile
pracision/quality equipment to be utilized on a case Sasis. The prevelagt '
ctmospheric enviromment (i.e., humidity, stability, chemical, etc.) is defined
and pcaes no problems which would not arise in industry. The direct transfer of
technology from industrial concerns to D-Level maintenance (NARF's) could be

and is being accomplished with a minimum of new technological developments. This
is primarily true in the areas of numerically controlied machining, 1;spection
and precision calibration.

2. Intermediate Level (I-Level)

At i—Level naval aviation maintenance disgression from industrial norms
becomes much more apparent. Aircraft Intermediate Maintenance Departments (AIMD's)
operate both ashore and afloat, at air stations and aboard carriers respectively,
Equipment must be mobile while concurrently mainfaining a higﬁ degree of precision
or quality coantrol. Further, due to the at-sea requirement, equipment must
provide maximum flexibility of operatiocn for a minimum size and be otherwise
shipboard adaptable. Envirommental control, assured in industry or depot level
maintenance facilities, is no longer available. Thus, equipment must be developed
/ which can provide assurance of motion cogpensation ability and be "RAD HAZ“1 free
while maintaining maximum protection from salt water corrosion. Due to the nature

of the tasks being performed total computer control may not be desirable. Manual

1 Electromagnetic Radiation Hazard

I11-4
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g observation and override capabilities must be integrated into unit design. The
' at-sea requirement, due to limited space and supply considerations, additionally

imposes thelfurther conaidericions that units be compact, ailr-transportable,

have a high 'payload‘ to weight ratio and be self-stowable. These at-sea

S

requirements and characterigtics will continue anytime that equipment is (or

may be) based onboard ships.
3. Organization Level (O-Level)

Organizational level aviation maintenance resides within deployable fleet

squadrons and detachments. O-Level requirements stress minimum size/weight

i | characteristics with shipboa-~d adéptahility as a prerequisite. All equipment

% at this level must be compact.and deployable with aircraft squadrons. Minimum
size, maximum flexibility and shipboard hdaptsbility are prerequisit considerations
which must be viewed as constraints upon systems and/or technologies which may

be transferable from industry to naval usage.

4. Operational Support

The Operational Support category, generalized to include handling, amming,
fuzling, landing, launching, and similar operations, as well as the functions
cf some combat systems and subsystems, imposes the most strigent requireuents

§ . upon equipment and technology which may be developed to function at sea. Again,

as with O-Level maintenance, minimum 8ize, maximum flexibility and shipboard
adaptability requirements override most other considerations. Exposure to
hostile environments will be more likely for this category. Therefore, equipment
must be protected against adverse weather situations which may include violent
storms and associuted shipboard stability problems. Exposure to corrosive and
sometimes harsh environmental elements will be severe. Reliability and fault

tolerant designs will be of importance when dealing with systems designed to

augment human capabilities in hostile environments (natural and combat induced).
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D. Summary
Industrial robotic characteristics stress requirements associated with the

manufacture of large numbetd of ident{cal nemi-fin;shed or finished product#.

These characteristics are: v o 5
e high volume/high speed !
e precision/quality control
o fixed workstations

e controlled environments

Naval robotic users must stress chatactetidticc'associated with the remanu-

facture, repair, replacemenﬁ and operation of systems, subsystems or components

on Geathe: influenced unstable platforms. The unique operational envirouameut
dictates special consideration be given at-sea environmentﬁl requirements driving
system design. f

Meridian Corporation conducted an empirical qualitatlﬁe study of potential
or existing robotic applich:ions‘and characteristics. Iud@strial and academic
repregsentatives as well as active and retiréd officer and énlisted fleet personnel
provided input on various robotic characteristics and thei% respective applica-
bility in a variety of functional areas. Impact charts si&ilat to Figure II1I-1
were prepgred from each input. Figure IIl-1 is representaéive of the processed
coacensus of all inputs. | v

"The level of applicability of a wide variety of‘robotic characteristics
ia ihdustrial and naval aviation applications are indicated. Individuals were
requested to rate each characteristic from 02 to 1003 applicability to each
environment. Since no specific numerical value could relate to “potential®
applications, semantic guidance was provided as follows: ranking of 0%, “none”,
12 to 252 "little™, 26X to 50% "gome", 51% to 75% “"significant” and 76% to 100%

“high".
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ASSESSMENT OF POTENTIAL
%1 EXISTING BOBOTIC APPLICATIONS
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The basic results of this qualitative assessment are indicative of the specific

nature of the divergence of naval aviation's required robotic characteristics from
the industrial base-line. Some of the rationale developed by the survey will be

addressed in the following digscursi=n of the characteristics shown in Figure III-l.

Funection

Here there are generally “significant to high” existing industrial applica-
tions, familiar to anyone who sees a television commercial or who reads a news

magazine. When considering potential Navy applications,'the councensus opinion
was that there was “"gome™ existing and potential appliicability in the NARF environ-

ment for the familiar functions of manipulating, machining, gssenbling, spraying
and measuring (in this case more than industry due to the "Diagnostic” nature
of repair) with only a "little” potential for weldirg., All of the_func;ional
characteristics with the exception of "measuring” are cbnsidered to have less

applicability in the NARF than industry primarily due to the ndn—repeatable and
mobile nature of the NARF work tasks. The common industrial fuactional charac-

teristics drop off dramatically in potential applicability to 0" .and "1” level
This is primarily due to

maintenance and operational support (OP-SUP) tasks.
the non-manufacturing nacure of the requirements, as well as the at-sea environ-

Again, "measuring"” shows significant potential due to the

ment constraints.
inspection/diagnostic requirements of maintenance. Another notabie variation

is the rise in potential of “manipulating” to "some” in the OP--SUP area, due to

aircraft arming, fuqling, moving and land-launch requirements.

Goals
The common robotic characteristic goals of accuracy, repeatability and speed
As would be expected from

{
all have high existing applicability in industry.
the previous discussions, the industrial environment is reflected to a lesser

I11-8

degree in the D~level environment with “some" potential and existing applicability.




Again, as the enviromment "goes to gea” in the I and O-levels and op-SUP,
applicability drops to "little” with the exception of "dccuracy" which retains

‘at least "some” applicability in eviation maintenance at sea, agaiﬁ related to

diagnostics and measuring.

Sensors

Sensory characteristics considered ‘e listed in Figure III-;. The first
four, optic, proximity, pressure and tactile are all currently b2ing developed,
refined and applied in industry with “aome“‘to "significant” growing use. Naval

" aviation pbtential for these characteristics is very nearly trhzt level of
applicability existant in industry with some reduction due to maintenance

" and at-sea variables. The three remaining sensory chacacteristics, radiation,
olfactory and motion, are related primarily to naval aviation needs and "a.~
“little” or "no” industrial applicability. The need for motion sensors in
at-sea robotic systems (particularly those that afe mobile or self-propelled)
is obvious, Radiation sensors relate not only to obvious nuclear weapons
scenarios, but also‘to friendly and hostile infra-red and radar and other
radiation used in weapons and communications., These could be used to control
or communicate with naval robotic systems, or interfer with the systems functions,
or are to be sensed and identified as a function of a robotic weapons systea,
Olfﬁctocy (or "particle”) sensors would be used to autom;tically sense toxic or

debilitating free gases, either threat generated or inadvertently created by

accident or sﬁipboard fire.

Mobility

The treatment of mobility characteristics verifies earlier assertions that
industrial requirements generated primarily fixed, stationary robots. There is
a "little” industrial applicability for mobile, air-transportable and self~pro-

pelled systems (some of which are in service). Again, in verification of previous

II1-9
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assertions, those surveyed generated potential "significant” and “high” appiic—
ability for mobility characteristics for sea-going robotic systenms, 4Note that .
mobile systems have more applicability in D-level aviation maintenance than in
indus =~ due to mobile work station requirements as opposed to fixed production
lines. . r transportability has "high"” applicability for depioying squadrons
(O~level) and "significant™ for I-level and OP~SUP since replacement systems

would be flown to the deployed carrier. The seif-propelled characteristic is
really a sub~characteristic of "mobile"” but has separate and unique significance
on crowded hanger and flight decks, where its 1ncorp§ration can eliminate the
need for a separate tow-tractor in some applications. There is a “little" naval
applicability for stationary systems in shore-based I-level maintenance facilities

and certain shipboard QP-SUP applications.

System

The survey of system integration characteristics had rather indeterminate
but predictable results. As seen in Figure III-1, the coucensus was that integrated
systems were predominantly applicable to all environments. There was, however,
some appreciable navy potential for ”modular-disassociéted" and "parasitic/
synergistic™ robotic systems characteristics. Modular-disassociated systems
were defined as those wherein the component subsystems are individually self-
contained (modular) and interact with each other via signals and stimuli received
without physical connection or (disassociated) integration (such as a robotic
system with an optical sensor which controls its input stimuli and will respond
to a remote laser-designator reflection). A parasitic system is oune which would |
use the energy presence, or propulsive force of a.hosc system, but whose. function :
is totally unrelated to the function of the host system (such as an olfactory \
smoke/gas sensing device consisting of a large number of integrated sensors

mounted in the ship's ventilating system, using the ventilation ducts as a physical

III-10




locatior vector grid tovlocatc the source of the smoke/gas). A synergistic system
would be similar to the parasitic system but in this case each of the otherwise
unrelated systems muld‘ benefit from the function of the other (such as an
olfactory sensing robotic system carried by an aircraft on an otherwise dedicated

mission which senses Biological or Chemical warfare agents and automatically

system, and simultaneously seals the cockpit and puts the crew on 1002 oxygen).

Processing
For the majority of industrial robotic applicatioﬁs, the integral data

// & . .
: @ transmits concentration and location, from the aircraft's inertial navigation

processing is reprogrammable and in most cases, on-line reprogrammable. 'rhereb
is also "some” industrial applicability for closed-loop-feedback self-correcting
§§ systems, and "little” use of human control override (stand-ty safety operator)
or gon-reprogrammable (single purpose/specfal purpose) processing and contrel.
!] As in the case of most other characteristics, the HARF, or D-level of avigtion
gs maintenance, again reflects industry, but again at a lower level of pctential
applicability except for human control and non-reprogrammable system which are
a more applicable‘ to thz maintenance rework enviromment due primarily to mobile
work stations and case-basis tasks regpectively., In the at-sea I and O-level
maintenance and OP-SUP enviromments, there is “little” potential for on-line
reprogrammable applications, which imply that the u.ane system will significantly
% change functiop from”day—to—day or week-to-week, CJ.osed-loop-feedback and human
EE control overfide characteristics atﬁ#igr;;ignificéﬁt" to “high" Applicability in
- I and O-level and OP-SUP due to the hazardous (flight deck/hangar deck) environment
and p:oxiinity and involvement of fuel, weapons and personnel. Non-reprogrammable

characteristics will have significant applicability at sea, where systems will

tend to be small, mobile and single pdrpose.

B W =3
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Size
The fact that compactness, high capacity and self-gtowage are highly desirable
characteristics for the crowded and hazardous at sea environment, and have "little"
applicability in industrial robotics should come as no surprise. These size
related characteristics have more applicability in D-level maintenance than in
industry due to the mobility characteristics desirable in a NARF with its moving

work stations and case-basis tasks.

At-Sea |

Very little needs “o be said abéut the obvious applicability of these |
characteristics. The only mild surprise came from industrial respondents
indicating that there was some potential for weather—adaptive characteristics

in industrial systems, primarily related to that small percentage that were

»

judged "mobile” and/or “air-transﬁortable" and hgnce potentially subject to
elemental exposure. v

From the responses a further mathematical extrapolation produced Figures
11I-2 and III-3. ' :

Figure I1I-2 prioritized industrial characteristics from 100Z to 1. Figure
I11-3 utilized the industry btased prioritization structure of Figure 1II-2, however,
naval values‘differed substantially. Naval characteristics were sub—divided into
four separate categorles each representirg 25% of total potential navy application.
These areas were further sub-divided in four equal units each representing 6.25%
é;£;2£ively néfmalizing the continued navy applications potentizl.

Figure II1I-4 was a;rived at by combining the Industrial and Naval Aviation
potential applications levels from Figures III-2 and III-3. In Figure 1I1I-4, the
Industrial level of potential application is graphically subtracted from the
Naval Aviation level of potential application. The resulting chart is in

effect, a normalized graphic indicator of characteristics of robotic systems
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Judged necessary for potential naval aviation azpiicaticns which will hazve ne

comparable level of application in industry. 7he right hamd coluzn of Fiture

necessary to naval application that qualitative analysis indicates zust te
developed by the Navy due to a lack of applicability, and hence interast, in
industry. |

The graphic resulte just presented illustrate the zajor findinss of the
lapplications survey of this effort, nacely:

e Few of the characteristics required of currsen: industrial rotots have
any ygreat degree of applicability in potencial iavy, or naval avistion,
robotic functions,

. e Conversely, the potential application of robotic systems to naval aviaticn
functions generates a set of characteristics for these systems not
currently incorporated in industrial applications,

The set of "Navy-unique” characteristics can be logically grouped into three
broad categories as follows:

e minimum size
- compact design
- air-transportability
- high welight capacity
- gelf-stowability

o maximum flexibility
- inter-system synergism
- general mobility
- remote sensing ability
- gingle function design
- adaptive modularity

e shipboard adaptability ‘ |
- = marina environment tolerance _ ‘ ' |

- motion compensation capabiiity
- "Rad Haz" free design
- gelf-propulsion capability
= manual override controllability

These Navy-unique characteristics imply that a "Navy-robot” might in fact

be considerably different than its industrial counterpart, The survey which

generated these results provided a considerable amount of attitudinal and

philosophical insights into the applicabi.i'y of robots to naval aviation tasks.
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Chapter IV

A “"Robotics™ Concept for Naval Aviation

A, Definition and Purpose

As noted earlier in this report, the Robectics Insiitute of Amevica defines

a robot as "a reprogrammable, multifunctional manipulator designed to move

.material, parts, tools, or specialized devices through variable prograzmed

motions for the performance of a Variegy of tasks™, The applications survey

and its results‘lhov that for naval aviation purposes, th;gidefinition 1s much
too specifically oriented to industrial spplicatioqs and is conceptually very
shallow, in that it.merely describes "what" a robot is. To accomplish the
purpose of this effort, it was necessary to examine not merely tha "what"

of robotics but also the “how" and "why”, i.e. the uniqueness of Navy applica-
tions requires that the conceptual purpose of robotics technology be addressed.
1f one examinés robotic deﬁelopment objectively, and diécounts the sensitivities
of organized labor, it is clear that the basic purpose of all robotic systems is

to increase efficiency and/or productivity by either enhancing or eliminating the

human worker,

cgnsiderlng this b&sic purpose, and moviné out of the 1pdustrial-asstmbly-
line environment to the broad scope of naval aviation operations and support, we
may establish ﬂ basic r;botics concept (or philosophy), stated as follows;

“The purpose of robotics technology is to either enhance, reduce or

eliminate the human presence or transfer-function by using multifunctional

progrsmmable systems to automatically translate input stimuli intc logically

deternined actions or signals”,

This concept 1is highly applicable to naval aviation needs in that it
addresses the potential enhancement or replacement of all human transfer func-
tions, including the kinetic (manipulation and motion), logic (decision) and
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lcnaory.. It also allows robotic systems to be mobile, transportable, self-
propelled, or conversely, totally static with a logic or sensory function.
The systems may be rodular and widely disbursed or “parasitic"and totally
dependent on a host system. In short, using this broadened concept, Navy-unique
characteristics may be aﬁcommodated. Furthermore, applications may be imaginatively
concieved that will improve overall operational effectiveness (and hence by
definition "Navy productivity”™) through:

o Safety

- by reducing human exposure to hazardous énvironﬁents

= by reducing "human error” potential in the performance of hazardous
functions , :

= by reducing or eliminating human response lag to catastrophic events
e Response Capability

- by reducing equipment "down-~time” for maintenance

= by reducing human decision time requirements

¢ Manpower
- by reducing overall manpower requirements
: = by increasing existing manpower effectiveness
= by reducing skill/experience level requirements

= oy reducing training requirements

B. Attitudes and Semantics

As might be implied from the previous section, and this report in general,
“robotics” and "robot” are at best ill-defined terms at present. The general
N perception of the impact and scope of robotic technology is widely diverse,
even among the technically knnwledgeable.' Much of the present problem is due
to the fact that senior managers in both the public and ptivate‘sectors have
come to associate Japanese industrial productivity‘and efficiency with wide

use of robotics. The desire to attain those same levels of productivity has
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fesulted in widespread top-down direction to “do something with robotics”. -
Generally, the senior manager providing this direction has little or no idea

as to "what" should be done with 'robotics", or "how"” to do it, or for that
matter what robotics really are. The result is generally an odéerse reaction
by middle and lower Danagement to the mention of robotics, and a reluctance to
attempt anything more than a direct technology transfer. Within DOD in general,

and the Navy in particular, there have been several initiatives directed towards

the implementation of various robotic applications in the in-house production
facilities (NARFs). Hhen labeled as "robotic” applications, these efforts have
met with varying degrees of success. On the other hand, a relatively large
number of applications of technnlogy that fits the "Robotic Concept™ of the
provious section h?ve been implemented in NARF's and other industrial acfivities

over the last twenty years, and have generally been highly successful. Some

oxamples are; 'f

e on-line programmable, six-oxis, numerically coantrollied milling machines -
have wide application throughout the NARF's along with earlier tape and
disc programmable models, and have been highly successful in increasing

productivity for some “wenty years.

¢ GATS - Gyro Automatic Test System - used in several NARF's to test and
calidbrase gyro-instruments ~ these systems usually decrease manhour
investment:by a factor of ten with dramatic improvement in quality and

ptecioion.§

e DITMCO - :fade nsme for a programmable, digital, electrical continuity
and condition test computer, which is umbilically connected into the
aircratt wiring system and 1s programmed to automatically test and
record the condition of all circuits - reducing manpcwer investment by a
factor of 100 from the previous method of pole-to-pole manual continuity
check., This system is very significant in human error reduction in
dealing with the miles of wiring involved.

e numerically controlled altimeter test unit - combines a vacuum chamber,
wide angle lens camera and a pre~programmed "altitude” schedule to

reduce overall time involved in altimeter test by a factor of 16, and
human man-hours by a factor of 40,

These systems, and many others in day-to-day use in NARF's and AIMD's

have a few characteristics in common;

T
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e 1all are user designed or modified

e none fit the RIA definition of a "robot”

e none were ever referred to as "robots” or purchased under a "robotics”
implementation program

o all adhere to the "Robotic Concept”
In genefal, the lesson of robotics, to improve productivity by enhancing
or eliminating the human presence, has been well applied in the Navy's

industrial segment. There remains a strong resistance to :hé direct trapsfertal

of "robotic systems” from private industry to NARF's which seems to be attitudinal

- in nature. This resistance to "robots” in the workplace by workers and middle

management has‘been investigated by sociologists and industrial psychologists.
It has been found that a certain portion of this resistance is due.ﬁo organized
labor's long opposition to automation in any form. However, in many instances
such as in the NARF's, "advanced automatibn” concepts have been readily accepted
while frobo:;" have been actively opposed. One researcher has labeled this
reaction the "Star Wars Syndrome"” arising from the simultaneous overexposure

of "robots™ in both popular gntertainment (R2D2) and in serious eccnomic
analysis (Nissan vs Chrysler etc.). The general public receives sinﬁltaneous
pictures of "robots” as comic relief in dee§ space, and as miraculous economy-
saving devices which have allowed “"foreigners” to disrupt the “American-way-of
life”. Ihé overall result is general skepticism and a marked lack of ﬁublic
credibility for robotics as a serious technology. This attitude waé strongly
present duriné interviews with current and former fleet aviation maintenance and
operations personnel. The initiation of a discussion of “"robotics applications

to naval aviation operations and support” usually resulted in reactions ranging

from passive skepticism to open verbal hostility. When the concept was introduced

as "advanced support technologies”, and that NAVAIR personnel were said to be

willing to invest research and technology assets to help the fleet operate and
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support its increasingly complex "advanced technology; weapons systems -~ it
was received with high enthusiasm and total cooperation.

Due to the limited.transferability of traditional industrial robotic
technology to naval aviation applications, it is strongly recommended that the
highly ttansferable "Robotic Concept” be adopted as the fundamental philosophy

for an “Advanced Support Techno;gg}eslnobotics' (ASTR) Program.

Adoption of the ASTR semantics helps to eliminate another problem associated

with attitudes and definitions. Under the broadened "Robotic Concept™ virtually

[y
[

any automated, computerized or remotely controlled system may be said to be
“robotic”, The establisﬁment of a thus-defined "Robotics™ Program would then
imply that many mature, existing programs would be candidates for annexation.
This, of course, would be highly inappropriate, particularly in the case of a
number of curreant and emergent weapons systems. The use of “Advanced Support
Technologies™ alleviates this potential conflict since "robotic™ coahat (non-
support) weapons systems have theig own well established programs. For example,
airborne robotic combat systems are either “"guidad missiles” or “RPVs‘ torpedoes
and nines are sub-surface robotic combat systems etc. In fact, there are a
significant number of weapons and weapons support systems that have been in

U.S. and foreign naval usage for sometime, and which fall under thz definition

of the "Robotic Concept”.




Chapter V

.Naval Robotic Systems

A. “Robotic" Systems in Current Use

As stated in Chapter IV, there are a number of systems in current naval
usage that qualify as "robotic™ in nature both under the Robotics Institute of
Americe (RIA) dgfinition and as defined by the "Robotic Concept” for naval
applications, put forth in this report. Consider several‘fémiliar systems which
are examples of the applied “Robotic Concept™ although none of these systems
has ever been labeled as, or considered to be, a "robot”.

1. Cable-controlled Undérwater Remote Vehicle (CURV)

The first CURV unit was builr and tested by the U,S. Navy in the early
1960s. As originally produced the CURV unit was intended to recover bottomed
‘torpedoes. The CURV-III successfully recovered an H-bomb lost off the coast of
Palomares, Spain in 1966 and rescued two individuals trapped in a submersible

'1500 feet below the surface on 1 September 1973. The CURV is a cable controlled
and operated vehicle with the human controller operating the vehicle from a
remote site above the ocean.floor. The CURV fulfills all requirements set
forth in the ”Robot;c Concept.” |

2. Automatic Missile Loader/Launcher (AMLL)

The automatic loader/launcher systems incorporated on the TARTAR
(RIM-24), TERRIER (RIM-2) and the STANDARD MISSILE 1 and 2 (RIM-66, RI'-66B and
RIM-67) are rqbotic units manipulating specialized devices for the performance
of a task., These units automatically transport missiles weighing up to 2,900
1bs, (RIM=-67) from the berbette structure on to the launch platform. In so
doing, they augmené/reduce or eliminate the human transfer function or presence,

thereby fulfill requirements contained within the "Robotic Concept,”
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3. Automatic Naval Gun Mount (MK 45/MOD 1) (ANGM)

The MK 45/MOD 1 1; capable of automaticall& loading and firing a mixad
magazine load of bot‘h five 1néh (127 om) conventional rounds and guided projectiles,
Rounds are nu:omatically transported from the magazine to the gun where an automa=-
tic loader places the round in the chamber and prepares for firing. A computer
will automatically aim the MK 45/MOD 1 at the appropriate target. This simple
transporter/loader system could be considered to be robotic ir nature under
both the RIA definition and the generalized naval fobotic concept. Under the
RIA definition tke unit manipulates material or specialized devices through
programmed'mot‘ons for the performance of a task, It alsb eliminates the need
for a human transporter/loader, fulfilling requirements for the "Robotic Concept.”

4. Phoenix (AIM-54C)

The Phoenix air iﬁtercept wissile (AI&-S&C) is integrated with the AWG-9
radar/fire control system located on board the F~14 Tomcat. The AWG-9 radar/fire
control system maintains the capability to track-while-scan 24 separate targets
and simultaneously direct six AIM-54C's to their respective targets. A synergistic
relationship is thus created between miésile and airéraft. The AIM-54C relies
on gemi-active radar homing during the cruise phase of the flight. During the
actual attack, active terminal radar homing augmented by artificial intelligence
takes over. The inclusion of artificial intelligence in both the AWG-9 and the
AIM-54C removes the need for a human to direct missiles to target. Thus, the
system meets the parameters for it to be con?idered robotic in nature via the

“"Robotic Concept.” ’ 1

S. Close In Weapons Systems (CIWS)

In 1967 the Israeli destroyer EILATH|was sunk by a sea skimmer fired from
an Eygptian fast patrol boat. In 1971 an Indian Navy fast partol boat of the

"Osa" class envaged and severely crippled several Pakistanl warships utilizing
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surface~tc-surface missiles. These two examples pointedlj indicated the need
for automatic close in weapons system; (CIWS) which could engage, divert and/or
destroy incoming anti-ship missiles flying at or below 100 feet and closing at
speeds of up to 700 miles per hour. The “human transfer function" was not up

to the task. |

To counter this threat, the Unit;d States Navy has developed the Vulcan

Phalanx (20 mm/76 cal MK 15) Gatling gun for use against.high speed anti-ship '
missiles. The system is capable of firing 3000 rﬁunds per minute of 12.75 mm
saboted depleted uranium projectile?. The Vulcan Phalanx is integrated with ﬁhe
ship's main search radars provi&ing for a synergistic relationship between gun
. and ship, Upon identification of a tﬁrget maintaining characteristics similar
to those stored in the Phalanx memory (as typical of an anti-ship missile), the
Phalanx will automatically acquire, track and evaluate the threat. Once identi-
fied as a thréat, the Phalanx will corfelaCe radar echoes and plot the target's
course. Ariificial intelligence will allow the system to select the most -
dangerous target in a multiple threat environment while maintaining continuous
track on other targets. The system will calculate the optimal moment for
.opening fire, engage the taréet and control fire action. Firing parz-eters are
‘corrected automatically via correlation of actual projectile trajectory, theore~
tical trajectory and target's anticipated course. Upon destruction of the
initial target, the system will engage the next most dangerous target or return
to "on-alarm” position. The system operates devoid of human participation and
can engage divert and/or destroy incoming anti~ship missiles in a matter of
seconds. This system utilizes a high degree of artificial intelligence but

would not be defined as robotic under the RIA definition. Classification of

this system as robotic in nature is allowed under the "Robotic Concept.”
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6. Dagaie Decoy (Squid)

The Dagaie decoy system, was developed by the Freanch Nav&, and utilizes
a high degree of artificial intelligence to detect and decoy high-speed incoming
anti-ghip missiles. A synergistic relationship between the ship and Dagaie is,
again, required via integration of the ship's main search radars aund the bagaie
unit. This system is not in use on United States Naval Vessels.

The Dagale system utilizes external parameters (ship's course, speed,

wind velocity/direction and the azimuth or bearing of the threat) supplied bj

! the ship's main computers to generate an effective decoy. Upoh detection of an

anti-ghip missi'e, the Dagaie can place chaff and flare decoys in position
within three seconds. The decoy's effective duration is thirty seconds for IR
(Infrared) and five minutes for ER (Electromagnatic Radiation), allowing it to
divert more than one missile at a time, Artificial intelligence contained
within the launcher will allow enplacement of a decoy (covering several radar
frequencies) with appropriate dimensions and maximum radar cross section. The
IR decoy (colocated with ER decoy to provide maximum effect) has a high energetic
brilliancy over the entire IR bandwidth at a credible height.

This system can operate manually or, again, devoid of human participation,
The degree of artificial intelligence is comparable to that of the U.S. Vulcan
Phalanx. The system is considered robotic under parameters set forth in the

"Robotic Concept.”

Examples of systems which are robotic in nature are extensive and do not
merit further discussion. These samples do, however, indicate that the United
States i'avy (as well as other Navies) routinely develop, deploy and maintain
weapons systems which "seek to augment/reduce or eliminate the human transfer
function or presence by using multi-functional programmable systems to translate

input stimuli into logically determined signals or actions”. These systems,
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utilizing degrees of artificial intelligence, are robotic in nature but cannot

be classified as such under the RIA definition.

B. Guidelines For Advanced Support Techng;ggigplkobotics‘(ASTR) Systems

One of the major tasks of this effort was fo recommend “rational” applica-
tions of robotics to naval aviation operations and support. During the early
stages of the assessment "operational”™ or "combat™ robotic applications were
addressed. As was discussed in Chapter IV, it soon became apparent that many

“Robotic Concept™ combat systems were either in service or under development,

‘but could never be included under the umbrella of a "robotics”™ program. This

left the largely virgin area of operational support, with the major exception

of the naval aviation depot-level maintenance system (NARF's) which, it was dis-
covered, had'been 1ong time subscribers to the "Robotic Concept.” The remaining
area of at-sea maintenance and operational support (and any other non-weapon
systems) applications 1s therefore available for exploitation under the semanti-
cally safe title of “Advanced Support Technologies/Robotics™ or ASTR applications,
The basic.specifications or characteristics for ASTR systems were defined as follows:

e required that the system or application be:

+ 4incapable of endangering friendly forces

- safely operable in required sea states (actual sea state will vary
with the application)

~ tolerant to the marine environment

- non “"Rad Haz" generating

- compatable with all applicable specifications

e . desired that the system or application: e

- require minimal special training

- require mininal special support

- generate mininal interference with standard operations -
- be air-transporiable (as a system or in subsystems)

- have fault-tolerant design

= have fail-safe design

Once these basic considerations had been established, various potentiai applica-

tions of the "Robotic Concept” as ASTR systems were explored - and since thet
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i .within the above characteristics, only imagination limited the scope of potential

l applications -~ it was necessary to establigh classifications in terms of techmnical
and developmental risk and 6peracional end logistic impact on host systems and

z existing operations, Semantically lumping risk and impact, the following classes

of potential ASTR applications.and systems were defined:

e low impact/risk

- combination of existing systems
-~ no modification required to host system/platform
- no special or unique support requirements

e low to moderate impact/risk

- current technology - all new system
- no significant modification tu host system
( - minimal unique support requirements

e moderate to high impact/risk

l - state-of-the~art-"plus” technology or systems
- major modifications to host system required
- unique support requirements

e high to very high impact/risk

' - advanced technclogy and/or systems
! - applicable to new design host systems only
- new and unique support requirements
| These classifications allowed a certain practical hierarchy to be establish in

eddressing the long list of poteantial applications which ranged from the pateantly

’ obvious to the truly exotic.

c. Examples of Potential Naval Aviation Robotics (ASTR) Applications

1. Background

The following are potential applications concepts in order of ascending

impact/risk. These concepts were selected from a long list of suggested appli-
cations and developed in a qualitative, but detailed, manner to the point where
they may be said to be practical and ultimately implementable, and should be

considered as practical examples of some of the many applications that could be
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ce:nirated frea tha "Robtotic Comcapt” and/or ASIR.

2, Sunz ozic Saluetive Joooar

Tha Autczatic Selective Jommer concept is an exaaple of a low risk and
low impact application of ASTR, in that it utilizes existing systems and operational
zcdas in a largely non-interfering canner.

This application a;ises from the need to deter Soviet Naval Aviation (SNA)
nissile bombars frcm launching their cruise missiles in sufficient numbers to
saturate the Carrier Battle Group's (CVEG) multi-layered defenses. The basic
air defense strategy in this case 1s to jam all threat radars to delay missile
launch long enough to have the opportunity té destroy the missile bomber prior
to launch. 1In all senarios for this type action there is high probability that
at least one eneny bomber will successfully launch missiles that will penetrate
all defensive laysrs. This potentially successfuly penetration is predicted to
be primarily due to delays in the human logic/decision transfer function and the
shear complexity of the CVBG/SHA air battle scenario.

A robotic system, composed of the AEGIS air battle contrcl system sensors
and computers (themselves rcbotic systess) the Vertical Launch System (VLS)
installed on the AEGIS CG-47 or other escort, a surface launched cruise missile
alr frame (Tomahawk/SLCHM) and a broad band short range jamming payload - could be
combined to autozmatically eliminate the "most probably penetrator” (m.p.p.) as a
threat.

The AEGIS 3zyitem computers, by proéessing the data-linked inputs from all
friendly sg»' ~ors, would determi.- carly in the battle which of the SNA aircraft
was the mdst likely to penaet.ar: _.he defenses, based on friendly and threat
dzployzents, actions and predicted actlons. Once a "most probable pener--+- =" jas
identified, the AEGIS system would automatically launch the SLCM jammer from the
VLS. The SLCY would be progrcmmed directly by AEGIS to home on the "=.p.p.” and

conmence jamming while "flying wing”™ on the SNA bomber using its (SLCM's) own

|16
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gansors, Taz jﬁ:ning would delay misaile launch until AZGIS could direct and/or
E"? launch air dafsnge agsets to elizipnate the "m.p.p.”. [hz SLCH jzzrar could then,
- or at anytime, be redirected to the next “"m.p.p.” and delay {ts launch unril
EE elinination.
£ YWhile this may szem to ba a rather frivolcous uce of the AEGIS aund SLCM
ij (after all, the SLCM, with a warhead, could destroy the m.p.p.), it does
sq demonstrate how the "Robotic Conczpt” of eliminating the human transfer function
22 can be applied tb use near-term and existing systems to solve z seemingly
%ﬁ - 1insoluble problenm arising, in this case from situational complexity and human
"dacision time” lay. Using the SLCM in a robotic, totally automatic killing
ég mode would violate the “endangering own forces“guideline., There is some logic
i to using the SLCM as an automatic jamzer, since with its endurance and in-flight
EEY reprogrannabl: guidance system it can be used repeatedly and autowmatically,
r; throughout the engagement while the "killing"” is done by Phoenix and Sit-2

directed by AEGIS. Overall this concept serves more as a dramatic example of

what might be done using the “"Robotic Concept”, rather than a serious proposal.

e
PN

3. Robotic Weapons Transporter and Loader

53 The Kobotic Weapons (or “stores”) Transporter and Loader concept is an
gb exauple of a low %o moderate impact and risk application in tﬁat it uses curreant,
) : .

i state-of-the-art technolcogy in a new systea and application., It does not require
!? any modification to the host system, the alrsraft carrier (CV(N)) on which 1t

operates and ghould have winizmal support requirements.

This concept is intended to increase overall operational effectiveness

and safety by eliminating the majority of human involvement and equipment interfaces

W

gﬂ » current by required to move a weapon or store from 1ts assecably area to its

Qq operational position, mounted on the aircraft wing and/or rack.

H The Robotic Weapons Transﬁorter and Lcader would be operated and monitored

gg by a single arwament technician. This individual would direct its wmotion and |
V-8

e i R AR e T L e e e e e ey
; D R R R S AR .q

O o et S - T - PR .
t . LY . Lo - . = = - x . »
SRR RGO S AR T S LR SWELSUINGAT A LSRR A TATRE GEVE LY TN




o= B

e B2 Bl B

oy
e~
28

BE

'
B
:
;
:
B
g
g
g.
§

initiate it3 functiong, such 28 positioning, liftfag and loading by means of a
hand held confroller (pig-tail) attached to the system by electrical umbilical
and operated as the director-monitor walks or stands alongside the Transpcrter/
Loader, The system itself would:

e be gelf-propelled by state-of-the-art battery;

e have fully cagtered wheels or rollets for omni-directional planar
motion;

e have a gyro-motion sensor that would activate brakes and/or mechanical
stabilizers when ship motion limits are exceeded during movement or
loading; ‘ .

e have a mechanical-hydraulic load-iifting systen for weapon/stcre
mounting;

e have a electro-optical, or laser, or cable-bell-mouth positioning
system to assure accurate weapons lug to rack positioning during
loading (also motion compensating);

e .lave positive locking cradle for weapons carriage, making dropping
of load impossible; and

o have a "dead-man” switch on the controller,
This system could be designed and built now. It would eliminate all but one
human uonitor-difectot from the now complex ordinance transfer and loading process,
greatly reducing human-error potential. The motion semnsing and compensating
systen would virtually eliaminate the pocsibility of 2 dropped or run-a-way weapon.
The positive locking feature coupled with automatic veapon—to-rack positioning
would greatly reduce io-ding time. Castering wheels with automatic braking
when motion limits are exceeded would allow rapid and flexible movement in the
flight deck envitonﬁent.

The Robotic Weapons Transporter and Loade; is considered to be a very
pra;tical and implementable concept, wherein the application of the "Robotic
Concept™ might significantlylenhance carrier operations and safety for a

telatively small investment of resources.
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4. Automatic Flight Deck Fire Sensing-Analysis-Suppression System (F-SAS)

The F-SAS concept is classified as a moderate-to-high impact and risk
application of robotics, due prinatilyvtO»the fact that it would require signi-
ficant modification to, and integration with the host system. The purpose of
the system is fairly self-evident in {ts nomenciature, it would aut.matically
and rapidly sense, analyse and precisely apply the propef suppressant to a
flight-deck fire, eliminating the time lag due to human indecision and access,
tcducing.iignifiganily the probability of catastrophic resulﬁs tecently épmmon
to this type of fire. The system would also, through early and automatic
application of the proper suppressant reduce the hazard to human firefighters
and other per;nnnel in close proximity, and allow hand~held systems to be
= applied for final extinguishing.' The F~SAS system would be composed of the
‘ following elements and interactions;

b e optical sensors mounted on the fore and aft upper inboard portions
of the island structure, and/or on masts fore and aft of the island

(similar to aft mast on CV-66, CV-67, and CVN-68), to initially
sense the fire, coupled to '

e spectugraphic analysers which would determine the type of fire, and

e & computer programmed flight deck geographic grid locator which would
provide the precise location of the fire and provide {t to

® the processing subsystem which also would continuously receive ghip
motion and wind-over-the-deck data from ship's sensors, integrate
them with the location and activate

¢ suppressant nozzles (co~located with the optical sensors) whose over-
all trajectory is set by the location, motion and wind inputs, and
whose supply of suprr:ssant is provide from a multiple suppressant
manifold controlled by the sctrometer output (i.e., the kind of

fire), and
¢ one or several of the four (or more) nozzles will apply a stfean of
the proper suppressant precisely on the fire a fraction of a second
after it 1s initially "observed” by the electro~optical sensor.
This system is entiraly fessible with only minor extension of today's technology,

plus some ship modification. Tt could be left in the “on" position constantly
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since optical/spectographic sensing could screen out all “acceptable” fires such
as jet exhaust, flares and deck lighting.

This is an example of a modularly associated, syabioticvrobotic system
whose function is primarily in sensory and logic modes in the process of sensing,
locating and analyzing the fire, and is manipulatory (im the traditional robotic

sense) only in ipplying the suppressant,

S. Bclow-Deckn»Fire Sensor-Analyser-Locator System (F-SAL)

Although the F-SAL concept lies outside the qpecific technical proyince
of NAVAIR, it is included in this report as an example of a system vhicﬁ adheres
to the "Robotic Concept” and the ASTR definition, but functions in a totally non-

.kinetic mode, using only sensors and logic. The F-SAL i{s considered a moderate-
to-high risk and impact application due to extensive shipboard installation

%

This systen would.consist of only threé elements;

requirements.

e an extensive system of concentration sensitive (particle counting)
smoke sensors (or sniffers) 1nstalled in the ship's ventilation
ducts

e an independent system of flow sensors (direction aand velocity)

installed in the ship's ventilation ducts
!

e a computer logic and display system receiving data from bc 4 sniffer
and flow sensor systems and applying it to the ventilator .ystem
geometry.

The function is almost self-explaratory. Given ;he known fact thut the presence
of smoke in a ship's compartment is more often than not an indication that
there's a fire -~ somewhere ~ not nec:ssarily in that compartment, bat is present
as a result of the action of the complex ventilation system. Given .he known
geometry of the ventilation system, the velocity and direction of flow (which
will vary with the number of vents open or closed, and blowers on or off) at

key locations in the system and the location and concentration of smoke or

fumes, computer logic applied to vector analysis will provide the most probable
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location(s) of undetected or hidden fires to damage control personnel., The fire

location and alarm would be provided simultaneously on an electronic display

board in Damage Control Central.

This systenm vould eliminate the ambiquities and delays inhereant in
locating fires aboard large shivs, reduce false al:s:rms, and needless fire drills
and generally increase safety und operational effectiveness.

6. Automated Hangar-Deck Service System

This concept, vhilé.not highly sophiaticated, must be classified as
both high risk qnd high impact, since the subsystems required would exceed
curreat state—of-fhe—art design, and the generﬁl appiication could only be
incorporated as an 1nt§gra1_design feature of new construction carriers.

As envisioned, this application would result in a hangar deck whereiy
virtually all services and major tool functions are suspended from, and move ;
on, an overhead grid-irack system; under rail counductor supplied (“s;reet-cér%)
electrical power. Specific services, such as electrical supply, hydraulic

pressure source, pneumatic source, etc. would be 'reqpested' electronically by

hand-held, push-button,'cbded transmitter. Computer logic would direct the

‘requested service module to the proper location on a first-com~-first-serve
priority and via the most direct ncn-interfering grid path, }t seens 1ogicalf
that the overhead grid-:rlck/conductor/nuﬁport system would have to be iﬁtegr;lly
incorporated into the flight deck support (hangar deck overhead) structure.
Several designs for thig'system have been conceived, but are far too complex,
and at this point far to embryonic to discuss in this report (hence high risk).
Suffice it to say that init{al efforts have determined that this system is
entirely feasible and implementable, but with atteidant high risk and high
impact.

The result of this application would be the ei!mination of much of the s.upport

equipment from the hangar deck work floor, and the minimization of aircraft and
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equipment movements for servicing. This should ultimately improve ope;ational
effectiveness by reducing "down time” for maintenance by maximize support

equipment availability and reducing hangar deck traffic. i

D. Summary
It should be emphasized that these concepts have been put forth as examples !

of the applications of the ."Robotic Concept” to naval aviation operations and
support, and not as recommendations resulting from the overall assessment.
Rather than pointing toward specific applications, the current assessment has i
very convincingly demonstrated that there is much to be gained from systematically :
applying the "Robotic‘Concept" of enhancing and/or eliminating the human transfer

function to the solution of naval aviation problems. This is particularly true

in the at-sea maintenance and support arena, hence the use of "Advanced Support

Technology/Robotics™ (ASTR) as a recommended program title.
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Chapter VI

NAVAIR Implementation of the Robotics Concept

-

A. Advanced Support Technology/Robotics (ASTR)

As has been mﬁde abundantly clear, the current assessment has resulted in
.the determination that NAVAIR should consider the implementatiom of the “"Robotie
Concept™ in the developrent of advanced support technologies on an organized
programmatic basis via an "ASTR" Program. It is suggested that this program
should at 1ea§t in part be patterned after the traditional exploratory
deve;opment'of operational weapons systems.

New operational systems génerally emerge from the research enviroument in
~one of two ways; in a deliberate, evolutionary manner, drawing on the resources
of a well established "technology base”; - or dramatically and quickly, born
fully mature as a result of a successfﬁl "technoloéy demonstration” progran.
Both are proven and well accepted methods for advanced systems development and
technology exploitation, and are highly appropriate to the suggested ASTR program.

Ia general ASTR requirements will either be extremely obvious and logical,
or obscured by } -.. “ures and systems which have changed little over the last
three decades. There .. veral “"robotic" type systems now or previously in
service which demonstrate this r~~uirements concept. The Vulcan-Phalanx CIWS
is an example of a fully automated system brought to early maturity by technology
demonstrators ;n response to the obvious and urgent requirements of cruise
missile defense. The less successful VAST system is an example of an ASTR type
concept developed from the existing technology base of the day, as a result of
“hidden" maintenance support requirements for avionics revealed by analyses of
the then new 3~M data base.

An ASTR program might therefore be composed of two major elements;
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Eg ® ASTR Technology Base Program that portion of an ASTR Program that would
search for requirements using all the prosently available data bases as

N its sources for a unique requirements, or applicatinns identification

system, coupled with a technology identification system and finally a

technology assessment process, all of which when functional will identify
requirements and "investment” technologies for technolegy base incl- iion

predicated on overall generic benefit to the fleet in terms of inct .sed

effectiveness, increased safety or increased efficiency of operation.

e ASTR Technology Demonstration Program -~ that portion of an ASTR Progran
that would respond to urgent, obvious or directly imposed requirements

/ by applying mature or state-of-the-art technologies to a definitive

technoclogy demonstrator development process with delineated milestoner

4 and procedures optimized for the expeditious and successful developrant

of an advanced technology system ready for pre~production prototyping.

g Figure VII-1 illustrates a suggested functional process for an ASTR progr u

conbining these two elements.

Eg The primary emphasis in the suggested Technology Base development process
is placed on the total exploitation of both the available ADP data base and the
little used, but highly valuable "experiential data base”, i.e., the 'co;porate
menmory” of fleet operators, fleet and civil service maintenance personnel, and
the test and evaluation community, Systematic processing of the information
contained in these disparate data bases must result in the extraction of potential

ASTR applications. "Expert™ analysis of the applications would in turnAtesult

in the identification of required technologies, which, when properly aggragated

B
i
;
!
and statistically assessed, would provide a hierarchy of high pay-off “investment”
B technologies for subsequent development and inclusion in the data base. .
5 .The major thrust of the suggested Technology Demonstrator Program develop-
ment is to establish a concept demonstrator developmenﬁ process, by which
Q near-term ASTR applications may be pursued from concept definition through 1
preliminary conceptual design and proof of principle. This could be followed
E eventually by demonstration via a well-established systems engineering approaLh
g ensuring & low-risk, high-quality output. Such an effort would include integrating
state-of-the-art technologies into a full-scale technology demonstrator system
}

resulting in early proof of concept and development decisions.
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Chaptser VI1

Conclusions and Recommendationa

A. Conclusions
The following is a summary of the major conclusions of this assessment:

1. Pew. if any‘prenent indugtrial robotic systems are directly applicable
to naval aviation needs, particularly in the at-sea enviromment

2. Significant adverse reaction to and misunderstanding of, the term
“robot” exist within the fleet and "blue collar” civil service

3. Evaluation of robotic applications results in the recognition of a
basic robotic concept - the elimination and/or enhancement of the “lwman
transfer function” or presence in applications that are manpower-intensive,
dangerous or inhospitable to the human presence, or otherwise basically

inefficient due to human limitations

4. There is high potential for the robotic concept (above) to improve naval
aviation manpower application and efficiency as well as overall operational

effectiveness

5. The robotic concept has been and is being well applied within the NARF's
as a result of both internal and NAVAIR initiatives

6. Combat/operational “"robotic" efforts and concepts are numerous but not
open for inclusion in a generalized "robotics program”

7. Due to definitive differences in “robotic” systems as applied to naval
aviation operations and support and classical industrial robots, a
‘need exists for the development and maintenance of a robotic (as
advanced support technologies) “technology base” for the ultimate design
of Navy-applicable systens for the elimination and/or enhancement of

the human transfer function

8. The initial robotics studies indicate that a technology base development
program should logically be established in NAVAIR (AIR~03), and that this
program should encompass both procedures fo- systematically developing
a long-term ASTR technology base as well as aystematic response to

- short-term fleet needs by exploiting state-of-the-art and emergent
technologies via concept/technology demonstrator process.

B. Recommendation

Begin the development and implementation of an Advanced Support Technologies/

Robotics (ASTR) Program within NAVAIR (AIR-03) incorporating both a technology

base development and an interdependent and continuing technology demonstrator

development process. This program should concentrate on the development of
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technologies and systems implementing the "Robotic Concept” whereby operational

effectiveness, support effectiveness and cost effectiveness are generally

increased by using emergent and state-of~-the-art technology to enhance or

eliminate the human presence Or transfer function.
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